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We review the baryogenesis scenario in the MSSM at the perturbative level and, in
particular, the impact of two-loop corrections on the strength of the phase transi-
tion and the amount of generated baryon asymmetry. We confirm the baryogenesis
window, where mH
<
∼ 115 GeV, for mQ
<
∼ a few GeV, and the right-handed stop
mass is constrained in the region, 100GeV <∼ m
t˜
<
∼ mt. This scenario will be
tested at LEP and Tevatron colliders.
1 Introduction
Electroweak baryogenesis 1 is an appealing mechanism to explain the observed
value of the baryon-to-entropy ratio, nB/s ∼ 10−10, at the electroweak phase
transition 2, that can be tested at present and future high-energy colliders.
Although the Standard Model (SM) contains all the necessary ingredients 1
for a successful baryogenesis, it fails in providing enough baryon asymmetry.
In particular it has been proven by perturbative 3-5 and non-perturbative 6
methods that, for Higgs masses allowed by present LEP bounds, the phase
transition is too weakly first order or does not exist at all (it is an analytical
cross-over7), and any previously generated baryon asymmetry would be washed
out after the phase transition. On the other hand the amount of CP violation
arising from the CKM phase is too small for generating the observed baryon
asymmetry 8. Therefore electroweak baryogenesis requires physics beyond the
Standard Model at the weak scale.
Among the possible extensions of the Standard Model at the weak scale, its
minimal supersymmetric extension (MSSM) is the best motivated one. It pro-
vides a technical solution to the hierarchy problem and has deep roots in more
fundamental theories unifying gravity with the rest of interactions. As for the
aPlenary talk given at Strong and Electroweak Matter (SEW98), 3 December 1998,
Copenhagen.
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strength of the phase transition 9-11, a region in the space of supersymmetric
parameters has been found12-20 where the phase transition is strong enough to
let sphaleron interactions go out of equilibrium after the phase transition and
not erase the generated baryon asymmetry. This region (the so-called light
stop scenario) provides values of the lightest Higgs and stop eigenstate masses
which will be covered at LEP2 and Tevatron colliders.
The MSSM has new violating phases 21 that can drive enough amount of
baryon asymmetry 22-28 provided that the previous phases are not much less
than 1 and the charginos and neutralinos are not heavier than 200 GeV. In all
calculations of the baryon asymmetry the details of the wall parameters play
a prominent role in the final result. In particular the wall thickness, Lω, and
the relative variation of the two Higgs fields along the wall, ∆β, are typical
parameters which the generated baryon asymmetry depends upon. Although
reasonable assumptions about the Higgs profiles along the wall have been done,
as e.g. kinks or sinusoidal patterns interpolating between the broken and the
symmetric phases, as well as estimates on the value of ∆β based on purely
potential energy considerations, it is clear that the reliability of those estimates
as well as more precise computations of the baryon asymmetry should rely on
realistic calculations of the Higgs profiles and the tunneling processes from the
false to the true vacuum. Such a task, achieved in the case of one Higgs field
in the Standard Model 29, has been recently done in the case of two-Higgs
doublets of the MSSM in Refs. [30, 31, 32].
In this talk we will review the impact of two-loop corrections in the MSSM
effective potential both for the strength of the phase transition and for the
calculation of the bubble parameters. We will show that they produce an
enhancement of both the strength of the phase transition (leading to the pos-
sibility of encompassing higher values of the Higgs mass) and of the amount
of generated baryon asymmetry (leading to alleviated bounds on the value of
the CP-violating parameters).
2 Phase transition: two-loop enhancement
The possibility of achieving, in the MSSM, a strong-enough phase transition
for not washing out any previously generated baryon asymmetry, characterized
by the condition
v(Tc)/Tc >∼ 1 , (1)
has been recently strengthened by three facts:
• The presence of light t˜R (with small mixing A˜t considerably enhances
the strength of the phase transition 10,11,12,13. This is the so-called light
stop scenario.
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• Two-loop corrections enhance the phase transition in the SM 5, and in
the MSSM 17,18,19,20.
• The validity of perturbation theory, and in particular the results of two-
loop calculations, for the light stop scenario has been recently confirmed
by non-perturbative results 33.
In Fig. 1, left panel, we show the two- and one-loop approximation for the
order parameter v(Tc)/Tc as a function ofmA for the values of supersymmetric
parameters which are indicated in the caption. We can see that the one-loop
approximation does not satisfy condition (1), and the corresponding case would
be ruled out, while the two-loop approximation does; two-loop corrections are
able to rescue this case.
Figure 1: Left panel: v(Tc)/Tc as a function of mA in the two-loop (solid) and one-loop
(dashed) approximations for mQ = 1 TeV, tanβ = 2.5, m
t˜R
= 150 GeV and A˜t = 0. Right
panel: v(Tc)/Tc as a function of m
t˜R
for mQ = 1 TeV, tanβ = 3 and various values of the
mixing. The value of the Higgs mass varies between ∼ 90 and 95 GeV.
However the price the light stop scenario has to pay is that it may re-
quire moderately negative values of the supersymmetric parameterm2U ≡ −m˜2U
and then, apart from the electroweak minimum along the Higgs (φ) direction,
another color breaking minimum along the U ≡ t˜R direction might appear.
Therefore both directions should be studied at finite temperature. A preview
of our results is shown in Fig. 1, right panel, where v(Tc)/Tc is plotted versus
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Table 1: Mass spectrum along the U direction.
field d.o.f. mass2
4 gluons 12 g2s U
2/2
1 gluon 3 2g2s U
2/3
1 B gauge boson 3 g′2U2/9
5 squark-goldstones 5 m2
U
+ g2s U
2/3
1 squark 1 m2
U
+ g2s U
2
4 Q˜L-Higgs 4 −m
2
H
/2 + h2t sin
2 βU2
2 Dirac fermions (tL, H˜) 8 µ
2 + h2tU
2
m
t˜R
for different values of the mixing parameter. We can see that, as antic-
ipated, v(Tc)/Tc increases when the stop-right mass decreases, for all values
of A˜t. However, for given values of mt˜R , which are indicated with a star in
the plot, the electroweak minimum stops being the true minimum at the tem-
perature Tc and the phase transition proceeds first toward the color breaking
minimum along the U direction. For instance for A˜t = 0 this happens at
m
t˜R
= 147 GeV, while for A˜t = 400 GeV it happens at mt˜R = 117 GeV.
Moreover all lines stop at some value of m
t˜R
where the electroweak minimum
becomes unstable.
To systematically analyze the different possibilities we have computed the
two-loop effective potential along the φ and U directions and compared their
cosmological evolutions with T . The two-loop effective potential along the
φ direction was carefully studied in Refs. [17, 18]. The one-loop correction is
dominated by the exchange of the top/stop sector while the two-loop effec-
tive potential is given by two-loop diagrams with stops and gluons, as well as
one-loop diagrams with the stop thermal counterterm. The two-loop effective
potential along the U direction was studied in Refs. [19, 20]. The mass spec-
trum is given in table 1, where we have considered small mixing A˜t/mQ and
large gluino masses. The one-loop diagrams correspond to the propagation of
gluons, squarks and Higgses as well as Dirac fermions. The leading two-loop
contributions correspond to sunset and figure-eight diagrams with the fields of
table 1 propagating, as well as one-loop diagrams with thermal counterterms
insertions corresponding to gluons and squarks.
For a given value of the supersymmetric parameters we have computed Tc,
the critical temperature along the φ direction, and TUc , the critical temperature
along the U direction. The comparison of them will provide information about
the cosmological evolution of the system. We have plotted in Fig. 2 the critical
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temperatures as a function ofm
t˜R
for the values of the supersymmetric param-
eters indicated in the caption, and for different values of the mixing parameter
A˜t. For a given point the phase transition will happen first along the direction
whose critical temperature is higher. Then for A˜t = 0 the phase transition will
proceed along the φ (U) direction for m
t˜R
>
∼ 147 GeV (mt˜R
<
∼ 147 GeV). For
A˜t = 200 GeV the phase transition will proceed along the φ (U) direction for
m
t˜R
>
∼ 137 GeV (mt˜R
<
∼ 137 GeV), and for A˜t = 400 GeV the phase transition
will proceed always along the φ (U) direction. These results are in agreement
with those of Fig. 1.
Figure 2: Plot of the critical temperatures Tc and TUc for mQ = 1 TeV, tan β = 3 and:
A˜t = 0, mH = 89 GeV, left panel; and, A˜t = 400 GeV, mH = 94 GeV, right panel.
Therefore, four different situations can arise:
• a) TUc < Tc and m˜U < mcU ≡
(
m2Hv
2g2s/12
)1/4 12. In this case the phase
transition proceeds first along the φ direction and the field remains at
the electroweak minimum forever. This region is called stability region.
• b) TUc < Tc and m˜U > mcU . In this region the electroweak minimum is
metastable (metastability region). It can be physically acceptable pro-
vided that its lifetime is larger than the age of the universe at this tem-
perature: Γφ→U < H
34.
• c) TUc > Tc and m˜U < mcU . In this case the U -phase transition happens
first and therefore it is physically acceptable provided that the lifetime is
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shorter than the age of the universe: ΓU→φ > H
35. This region is called
two step region.
• d) TUc > Tc and m˜U > mcU . This is the region of instability of the
electroweak minimum. It is absolutely excluded.
Figure 3: Left panel: values of mh, m
t˜
for which v(Tc)/Tc = 1 (solid line), TUc = Tc (dashed
line), m˜U = m˜
c
U (short-dashed line), for mQ = 1 TeV and A˜t = 0, 200, 300 GeV. The region
on the left of the solid line is consistent with a strongly first order phase transition. A two
step phase transition may occur in the regions on the left of the dashed line, while on the left
of the short-dashed line, the physical vacuum at T = 0 becomes metastable. The region on
the left of both the dashed and short-dashed lines leads to a stable color breaking vacuum
state at zero temperature and is hence physically unacceptable. Right panel: The absolute
region of stability in the (mH , m
t˜R
) plane, for mQ = 1 TeV (below the dashed line) and for
higher values of mQ, ∼ a few TeV (the region inside the solid lines).
Fig. 3, left panel, shows the region of parameter space consistent with a suf-
ficiently strong phase transition for mQ = 1 TeV, A˜t = 0, 200, 300 GeV. For
low values of the mixing, A˜t <∼ 200 GeV, case a) or c) may occur but, contrary
to what happens at one-loop, case b) is not realized. For the case of no mix-
ing, this result is in agreement with the analysis of 19. The region of absolute
stability of the physical vacuum for A˜t ≃ 0 is bounded to values of the Higgs
mass of order 95 GeV. There is a small region at the right of the solid line, in
which a two-step phase transition may take place, for values of the parameters
which would lead to v/T < 1 for T = Tc, but may evolve to larger values at
some T < Tc at which the second of the two step phase transition into the
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physical vacuum takes place. This region disappears for larger values of the
stop mixing mass parameter. For values of the mixing parameter A˜t between
200 GeV and 300 GeV, both situations, cases b) and c) may occur, depending
on the value of tanβ. For large values of the stop mixing, A˜t > 300 GeV, a
two-step phase transition does not take place. Fig. 3, right panel, shows the
absolute region of stability for mQ ≤ 1 TeV, below the dashed line, where we
can see an absolute upper bound on the Higgs mass ∼105 GeV. If we relax
the condition on mQ and allow for values ∼2-3 TeV, then we get the bound,
corresponding to the region inside the solid lines, ∼115 GeV 36.
3 Electroweak baryogenesis: two-loop enhancement
The CP violating current 〈JCP 〉 has been computed using triangle diagrams in
a ‘Higgs insertion expansion’ 22,25. Two kinds of diagrams are considered: stop
mediated and Higgsino-gaugino mediated ones. We find the former negligible
due to the fact that we are considering left-handed stops much heavier than
the temperature and therefore decoupled from the thermal bath. The latter
are found to be dominant and the amount of generated baryon asymmetry is
found, after taking for simplicity the thick wall limit, tω = Lω/vω ≫ τt˜,H˜,... =
1/Γ
t˜,H˜,...
, where vω is the wall velocity, as:
nB
s
≃ f(mQ,mt˜,mH˜ ,Γt˜,ΓH˜ , . . .)
〈
v2(Tc)
T 2c
〉
∆β(Tc) (2)
where 〈v2(T )〉 is the integral of the Higgs profile along its radial coordinate,
∆β(T ) the variation of the angle β(T ) along the bubble wall and the function
f comes from the integral of the Feynman diagrams and integration of the
diffusion equations. In this way the main dependence on the phase transition
is concentrated on the parameter ∆β(Tc).
We have computed the bubble solutions of the MSSM30 using, for the sake
of comparison, the one- and two-loop effective potential. We have confirmed
the goodness of the thick wall approximation (LωTc ≫ 10 vω) and found, on
nB/s, a two-loop enhancement, with respect to the one-loop result, which goes
between one and two orders of magnitude.
In Fig. 4, left panel, we plot ∆β(T ) for the values of the supersymmetric
parameters indicated in the figure caption. The solid line is the result of our
numerical calculation and the diamond corresponds to the actual value of the
critical temperature for the considered case. For the sake of comparison we
also plot (dashed line) the result assuming that the bubble solution proceeds
along the path of minimal potential energy. We can see that there can be a
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Figure 4: Left panel: the parameter ∆β as a function of the temperature, for mQ = 1 TeV,
tan β = 2.5, A˜t = 0, m
t˜
= 150 GeV and mA = 200 GeV, from our numerical calculations
(solid curve) and as obtained by pure potential energy considerations (dashed curve). The
diamond indicates the value of the critical temperature for the considered case. Right panel:
the parameter ∆β in the two-loop (solid curve) and one-loop (dashed curve) approximations
for the same values of the supersymmetric parameters.
large deviation between both results, the responsibility being the contribution
of the kinetic energy to the total action. In Fig. 4, right panel, we plot the
parameter ∆β(Tc) as a function of mA in the two-loop (solid line) and one-
loop (dashed line) approximations. Notice that the value of Tc, as well as
∆β, is different from point to point, for different values of mA. We can see
that the ratio ∆β2L/∆β1L varies from ∼ 3.6, for mA = 100 GeV, to ∼ 2.5, for
mA = 400 GeV. This enhancement, along with the two-loop enhancement that
we obtained for the quantity v2/T 2, that can be quantified from Fig. 1 as ∼
6.7 for mA = 100 and ∼ 5.2 for mA = 400 GeV, provides a total enhancement
in nB/s, see Eq. (2), which can go from ∼ 24, for mA = 100 GeV, to ∼ 13, for
mA = 400 GeV.
Since the function f in Eq. 2 goes linear in ϕµ (the phase of the complex
µ), this enhancement translates into a smaller value for ϕµ if we fix nB/s to its
experimental value. Therefore the value of ϕµ in the two-loop approximation
is smaller than the corresponding one in the one-loop approximation, for a
fixed value of nB/s. This is shown in Fig. 5, left panel, which is based on our
numerical solutions 30 and shows a two-loop enhancement ∼ 22 for mA = 100
GeV, and ∼ 13 for mA = 400 GeV, in agreement with our previous rough
estimates. The corresponding prediction for ϕµ from (2)
22 is shown in Fig. 5,
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Figure 5: Left panel: the two-to-one loop ratio (two-loop enhancement) of ϕµ for the same
values of supersymmetric parameters as in Fig. 4. Right panel: two- and one-loop calcula-
tions of the CP violating parameter ϕµ as obtained by fixing nB/s to its experimental value
and using the calculation of (2).
right panel where we can see that the CP violating parameter can be much
smaller than that predicted by the one-loop approximation.
4 Conclusions
Our results seem to point toward electroweak baryogenesis in the MSSM. There
is a baryogenesis window in the (mH , mt˜) plane summarized as:
• The Higgs mass is constrained to mH <∼ 105 GeV for mQ <∼ 1 TeV. This
constrain can be relaxed if we allow left-handed stop masses to go to
the few TeV range, in which case the bound is mH <∼ 115 GeV. We can
compare these numbers with the experimental bounds on the Higgs mass
at LEP.
– The present LEP bound is ∼95 GeV.
– At the end of the present run at LEP the bound onmH will increase
to ∼100 GeV.
– The LEP upgrade at
√
s = 200 GeV, in 1999-2000, will explore the
Higgs mass up to ∼105-110 GeV.
As a consequence LEP will cover most of the Higgs window allowed by
baryogenesis.
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• The stop mass is bounded to lie in the range 100GeV <∼ mt˜ <∼ mt. The
lower bound can be relaxed a bit (to 80 GeV) if metastability solutions
are satisfactory 34. A wide region of stop masses will be tested at the
next Tevatron run (starting end 1999). The whole region will be tested
at TeV33.
To conclude, baryogenesis at the MSSM seems to be viable and provides a
very specific window in the space of supersymmetric parameters. This scenario
will be tested in the near future by collider experiments.
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